Homologous DNA recombination promotes genetic diversity and the maintenance of genome integrity, yet no enzymes with specificity for the Holliday junction (HJ)-a key DNA recombination intermediate-have been purified and characterized from metazoa or their viruses. Here we identify critical structural elements of RuvC, a bacterial HJ resolvase, in uncharacterized open reading frames from poxviruses and an iridovirus. The putative vaccinia virus resolvase was expressed as a recombinant protein, affinity purified, and shown to specifically bind and cleave a synthetic HJ to yield nicked duplex molecules. Mutation of either of two conserved acidic amino acids abrogated the catalytic activity of the A22R protein without affecting HJ binding. The presence of bacterial-type enzymes in metazoan viruses raises evolutionary questions.
H
omologous DNA recombination is a ubiquitous process that promotes genetic diversity and the maintenance of genome integrity in prokaryotic and eukaryotic organisms. The central intermediate in the recombination process is a four-way DNA junction usually referred to as a Holliday junction (HJ), consisting of two homologous duplex DNA molecules joined by cross-over strands (1, 2) . Although HJ-resolving activities have been found in extracts prepared from a wide variety of organisms, only enzymes from bacteria, bacteriophages, yeast mitochondria, and archaea have been genetically identified and characterized. The latter include Escherichia coli RuvC (3) (4) (5) , bacteriophage T4 endonuclease VII (6) , bacteriophage T7 endonuclease I (7, 8) , lambdoid prophage RusA (9) , Saccharomyces cerevisiae mitochondrial CCE1 (10) , Schizosaccharomyces pombe mitochondrial YDC2 (11) , and Pyrococcus furiosus Hjc protein (12) . These enzymes can be divided into two functional groups. Members of the first have RuvC as their prototype, include the resolvases from bacteria, mitochondria, and archaea, have high selectivity for HJs, exhibit sequence specificity for cleavage, and are thought to have roles in recombination and DNA repair. Members of the second group, composed of the bacteriophage enzymes, cleave a variety of branched DNAs, exhibit low sequence specificity, and have roles in recombination and the processing of DNA before packaging. Absent from either group, however, is a well-characterized HJ endonuclease from metazoa or their viruses.
The poxviruses, of which vaccinia virus is the prototype, are large DNA viruses that replicate in the cytoplasm of infected cells and consequently provide a unique system for studying enzymes involved in RNA and DNA synthesis (13) . Although the ability of poxviruses to undergo recombination has been long known (14) , this process has not been separated from replication (15) , and the viral proteins involved have remained elusive. An enzyme that cleaves HJs may participate in recombination as well as other steps in processing and packaging of poxvirus DNA. The genomes of poxviruses consist of a single linear doublestranded DNA molecule with covalently linked hairpin termini (16, 17) that are formed from long concatemeric intermediates (18, 19) by a sequence-specific process known as telomere resolution (20, 21) . The target of the resolution reaction is the palindromic concatemer junction, which can adopt a cruciform HJ structure in supercoiled plasmids (22, 23) . Concatemer resolution is independent of replication and requires late stage gene expression (24, 25) . Activities that cleave supercoiled plasmids into linear molecules with cross-linked ends have been detected in extracts of purified virions or infected cells, but the genes encoding them have not been identified (23, 26, 27) . Lately, attention has shifted to a possible role of the poxvirusencoded topoisomerase I in recombination and resolution, and this enzyme has been shown to resolve synthetic HJs and cruciform structures in vitro (28, 29) .
Several factors led us to renew the search for a poxvirus HJ endonuclease. First, the complete genome sequences of several poxviruses as well as those of a number of bacterial genomes encoding RuvC family resolvases have become known. Second, the crystal structure of RuvC and the structural requirements for HJ resolution by this enzyme have been determined (30, 31) . We describe here how this information, together with improvements in sequence similarity search programs, allowed us to identify the critical motifs and structural elements of RuvC in yeast as well as previously uncharacterized open reading frames from all sequenced poxviruses and an iridovirus. These relationships cannot be detected by standard database searches, and the existence of RuvC homologs outside of bacteria was not reported previously. We have expressed the RuvC homolog encoded by vaccinia virus and demonstrated specific cleavage of a synthetic HJ. This endonuclease activity was lost upon mutation of conserved acidic amino acids predicted to form part of the metal binding site of RuvC.
Materials and Methods
Sequence and Structure Analysis. Sequence similarity searches were performed with the gapped BLASTP program (32) and the Non-Redundant Protein Database at the National Center for Biotechnology Information (National Institutes of Health, Bethesda). Iterative database searches were performed with the Position-Specific Iterating (PSI)-BLAST program with positionspecific scoring matrices (PSSMs) and a cutoff expectation (E) value of 0.01 (32) . Multiple alignments of protein sequences were constructed by using the CLUSTALX program (33) or the Multiple Alignment Construction and Analysis Workbench (MACAW) program (34) and adjusted manually on the basis of PSI-BLAST results. Secondary structure prediction and secondary-structure-based threading were carried out by using the PHD (35, 36) and PSI-PRED programs (37 genomic DNA as template and oligonucleotide primers 5Ј-GGGCGGTACCACCATGGCTGAAACTTTAACCAG-TTCGTCTCAATC (KpnI and NcoI restriction sites underlined, initiating codon in boldface letters) and 5Ј-GGGGGGATCC-TTAGTGATGGTGATGGTGATGCATTTTTTTTATGTA-ATTTCTAGATTTAC (BamHI restriction site underlined, the six consecutive histidine codons in italics). The PCR product was digested with NcoI and BamHI, gel purified, and inserted into pET11d (38) , downstream of the bacteriophage T7 RNA polymerase promoter, to create pET11-A22-his. A second plasmid was constructed by inserting the A22-his PCR fragment into the KpnI and BamHI site of pcDNA 3 (Invitrogen) to create pcDNA-A22-his which was used as a template for PCRmediated constructions. Mutated A22R ORFs A22 D30N and A22 E81Q were constructed by site-directed mutagenesis using a two-step recombinant PCR procedure. All plasmids were grown in E. coli DH5␣, and the structures of relevant portions were confirmed by DNA sequencing.
Bacterial Expression and Metal-Affinity Purification of Recombinant

A22R Protein (rA22).
Bacterial synthesis of rA22, rA22 D30N , and rA22 E81Q was carried out in the T7 RNA polymerase expression system (38) . E. coli strain BL-21(DE3) pLysS was transformed with pET11-A22-his, pET11-A22 D30N -his, and pET11-A22 E81Q -his, and transformants were typically grown in 1 liter of LB broth plus 150 g of ampicillin per ml. Expression of recombinant proteins was induced with 0.4 mM isopropyl thiogalactoside for 2-3 h. Induced bacteria were centrifuged and the pellet was frozen and then resuspended in 40 ml of buffer-200 (25 mM Tris⅐HCl, pH 7.5͞200 mM NaCl͞10% glycerol͞10 mM 2-mercaptoethanol͞0.2% Nonidet P-40 detergent͞2.5 mM benzamidine͞0.2 mM phenylmethylsulfonyl fluoride͞25 mM imidazole). The suspension was passed through a 19-gauge needle to disrupt the bacterial pellet and frozen and thawed once to facilitate lysis. The resulting lysate was treated on ice with 10 g of micrococcal nuclease per ml plus 1 mM CaCl 2 to digest the bacterial DNA. The lysate was centrifuged at 26,000 ϫ g for 20 min to remove insoluble debris. The clarified bacterial extract (40 ml) was mixed with 2 ml of Ni-nitrilotriacetate (NTA) metal affinity resin (Qiagen), previously equilibrated in buffer-200, and rA22 and mutant proteins were bound to the resin in a batch procedure for 3-4 h. Afterward, the resin was pelleted, the supernatant was discarded, and the resin was resuspended in buffer-500, which contains the same components as buffer-200 except that the NaCl and imidazole concentrations were 500 mM and 40 mM, respectively. The resin suspension was transferred to a column, and the resin was washed successively with 10 column-volumes of buffer-500 followed by 10 column-volumes of buffer-200 containing 40 mM imidazole without Nonidet P-40. The immobilized proteins were eluted in 2 ml of buffer-200 containing 200 mM imidazole without Nonidet P-40. The eluted proteins were dialyzed against 20 mM Tris⅐HCl, pH 7.5͞100 mM NaCl͞1 mM DTT͞0.2 mM EDTA͞10% glycerol͞0.2 mM phenylmethylsulfonyl fluoride. Mock-affinity-purified protein from bacterial extract was prepared as described above except that BL-21 pLysS cells transformed with the parental pET11d vector were used.
Preparation of DNA Substrates. DNA substrates were prepared from the following oligonucleotides:
HJ-1, 5Ј-GGTAGGACGGCCTCGCA ATCGGCT T TG-ACCGAGCACGCGAGATGTCAACG;
HJ-2, 5Ј-CGT TGACATCTCGCGTGCTCGGTCA AT-CGGCAGATGCGGAGTGAAGTTCC;
HJ-3, 5Ј-GGAACTTCACTCCGCATCTGCCGATTCT-GGCTGTGGCGTGTTTCTGGTGG;
HJ-4, 5Ј-CCACCAGAAACACGCCACAGCCAGAAA-GCCGATTGCGAGGCCGTCCTACC; D-5, 5Ј-GGTAGGACGGCCTCGCA ATCGGCT T TCT-GGCTGTGGCGTGTTTCTGGTGG;
YJ-1, 5Ј-GGTAGGACGGCCTCGCA ATCGGCT TAT-CGGCAGATGCGGAGTGAAGTTCC. Each oligonucleotide was gel purified by electrophoresis through a 12% (20:1, acrylamide to bisacrylamide) polyacrylamide gel containing 8.0 M urea and 1ϫ TBE (89 mM Tris-borate͞2 mM EDTA, pH 8.3). The bands were excised and the oligonucleo- tides were extracted by fragmenting and soaking the polyacrylamide gel in 4 ml of TE (10 mM Tris⅐HCl͞1 mM EDTA, pH 8.0) overnight. The oligonucleotides were purified and concentrated by using Sep-Pak C 18 cartridges (Waters). The substrates were prepared by annealing the following oligonucleotides: HJ (HJ-1, HJ-2, HJ-3, and HJ-4); duplex DNA (HJ-4 and D-5); Y-junction (HJ-3, HJ-4, and YJ-1); and three-way junction (HJ-1, HJ-3, and HJ-4). Before annealing the oligonucleotides, the HJ-4 strand was usually 5Ј-end labeled by using T4 polynucleotide kinase and [␥-32 P]ATP (3,000 Ci͞mmol; 1 Ci ϭ 37 GBq). The kinase reaction was terminated by extraction with phenol and the unincorporated label was removed by passing the aqueous layer through a G-50 spin column (Pharmacia).
Cleavage Assay. Reaction mixtures (20 l) contained indicated amounts of rA22 or mutated forms, indicated amounts of 32 P-labeled DNA substrate, 20 mM Tris⅐HCl (pH 8.0), 0.5 mM MgCl 2 , 1 mM DTT, 100 g͞ml BSA, 5% glycerol, and 50 mM NaCl. After 25 min at 37°C, the reactions were terminated by the addition of a stop solution to make final concentrations of 20 mM EDTA, 0.2% SDS, 4% glycerol, and 0.02% bromophenol blue. The duplex products were resolved by electrophoresis in a nondenaturing 10% (20:1) polyacrylamide gel containing 1ϫ TBE. The gel was dried on DE-81 paper (Whatman) and autoradiography was performed to visualize the bands. To examine single-stranded cleavage products, 5 l of the reaction mixture was mixed with 10 l of 90% formamide͞10 mM EDTA͞0.02% bromophenol blue. After heating at 95°C for 3 min, the mixture was placed on ice and then analyzed by electrophoresis through a 12% (20:1) polyacrylamide gel containing 8.0 M urea and 1ϫ TBE. The wet gel was then exposed to x-ray film for autoradiography.
Mobility-Shift Assay. DNA binding reaction mixtures (20 l) contained 0.5 l of rA22 or mutated forms, indicated amounts of 32 P-labeled DNA, 20 mM Tris⅐HCl (pH 8.0), 1 mM DTT, 100 g͞ml BSA, 5% glycerol, 50 mM NaCl, and 1 mM EDTA. DNA binding mixtures were incubated for 20 min at room temperature, and 0.5 l of tetrahistidine antibody (0.2 mg͞ml; Qiagen) was added to designated reactions and the incubation was continued for 20 min. Competition assays were done with 25 g͞ml poly(dI-dC)⅐(dI-dC) for 5 min at room temperature before the addition of 32 P-labeled HJ. Afterward, a loading dye solution was added to give final concentrations of 20 mM Hepes (pH 7.5), 5% glycerol, and 0.02% bromophenol blue, and the mixture was placed on ice. The DNA binding reaction products were analyzed by using a 4% (30:1) polyacrylamide gel containing 0.5ϫ TBE. Electrophoresis was performed at 4°C at 150-200 V until the bromophenol blue dye marker migrated toward the bottom of gel. The gel was dried on DE-81 paper and the bands were visualized by autoradiography. D30N , and rA22E81Q to the HJ. Affinity-purified recombinant proteins or mock-affinitypurified proteins from bacterial extracts were incubated with 0.1 pmol of HJ in the presence of EDTA, and with (ϩ) or without (Ϫ) 75-fold excess poly(dI-dC)⅐poly(dI-dC) or anti-tetrahistidine monoclonal antibody (mAb). The native products were analyzed on a 4% polyacrylamide gel. Lanes: 1, no protein; 2-5, mock-affinity-purified proteins; 6 -9, 0.42 g of rA22; 10 -13, 0.46 g of rA22D30N; 14 -17, 0.52 g of rA22E81Q. Free HJ, HJ-rA22, and HJ-rA22-mAb complexes are indicated on the right side of the autoradiogram.
Melanoplus sanguinipes entomopoxvirus was retrieved in addition to RuvC homologs from other bacteria and several bacteriophages. When a new BLAST search was initiated with MSV106, the sequences of orthologous proteins from other poxviruses, including the A22R protein of vaccinia virus, were retrieved at a statistically significant level (E Ͻ 10
Ϫ6
). Additional PSI-BLAST searches initiated with the sequences of different RuvC-like proteins identified a homolog in the iridovirus Chilo iridescent virus, and also showed that the Sac. cerevisiae mitochondrial resolvase CCE1 and its ortholog from Sch. pombe belong to the same family (L.A. and E.V.K., unpublished results). A multiple alignment created with the MACAW program resulted in the detection of five statistically significant motifs (P Ͻ 10
Ϫ8
) that are conserved throughout the RuvC family (Fig. 1) . Mapping these conserved sequence motifs on the three-dimensional structure of RuvC (30), together with secondary structure predictions, suggested that the entire family preserves the core structural elements of RuvC separated by poorly conserved spacers in the yeast mitochondrial and viral forms (Fig. 1) . The characteristic motifs of the RuvC family include acidic residues that are usually an aspartate near the end of strand 1, a glutamate near the end of the conserved strand 4, and two aspartates (DXXD) embedded in the C-terminal helix (Fig. 1) . All of these residues are critical for the resolvase activity of RuvC; three of them form a spatially juxtaposed acidic triad that probably coordinates a metal ion (31) . The catalytic residues and the adjacent secondary structure elements are perfectly conserved in the poxvirus A22R homologs (Fig. 1) , which suggests that these proteins are active resolvases.
Expression and Purification of Recombinant Proteins.
To determine whether the vaccinia virus RuvC homolog encodes a functional HJ resolvase, we expressed recombinant polyhistidine-tagged A22R protein (rA22) and mutated forms with the conserved aspartate-30 changed to asparagine (rA22 D30N ) or glutamate-81 changed to glutamine (rA22 E81Q ). On the basis of the properties of RuvC, these mutations were predicted to eliminate catalytic activity without affecting specific DNA binding (31) . After affinity purification, wild-type and mutant recombinant proteins of 24 kDa were the major components visualized by SDS͞PAGE and Coomassie blue staining ( Fig. 2A) .
Binding of rA22 and Mutated Forms to a HJ Probe. A synthetic HJ substrate for RuvC with a mobile central core and nonhomologous arms to prevent dissociation by branch migration (31) was prepared by annealing four partially complementary 50-mer oligonucleotides of which one was 5Ј-32 P-labeled. When rA22 or the mutated forms were incubated with the HJ in the presence of EDTA to inhibit any nuclease activity, a discrete band migrating more slowly than the free probe was observed on Nicking of a synthetic HJ by rA22. Recombinant proteins were incubated for 30 min at 37°C with 0.2 pmol of HJ that was 5Ј-32 P-end-labeled on strand 4. Reactions were stopped by addition of SDS and EDTA, and the products were analyzed by electrophoresis on a denaturing 12% polyacrylamide gel and visualized by autoradiography. Lanes: 1, no protein; 2-4, 0.30 to 3.0 g of rA22; 5-7, 0.43 to 4.3 g of rA22D30N; 8 -10, 0.43 to 4.3 g of rA22 E81Q. Fig. 4 . Substrate specificity of rA22. rA22 was incubated for 25 min at 37°C with 0.20 pmol of single-stranded, duplex, Y-junction, three-stranded junction, or four-stranded HJ that was 5Ј-32 P-end-labeled on one strand. Reactions were stopped by addition of SDS and EDTA, and the products were analyzed by electrophoresis on a nondenaturing 10% polyacrylamide gel and visualized by autoradiography. Lanes: 1-5, no recombinant protein; 6 -10, 3.2 g of rA22. DNA substrates are shown diagrammatically above the autoradiograph with the 32 P-end-labeled strand indicated in boldface.
nondenaturing polyacrylamide gels (Fig. 2B) . A similar band was not detected when protein was omitted or when the probe was incubated with mock-affinity-purified proteins from a bacterial extract (Fig. 2B) . The identities of the DNA-protein complexes were established by the formation of supershifted species when a monoclonal antibody that recognizes four or more consecutive histidines was added to the binding reaction mixture (Fig. 2B) . The detection of a doublet could signify the binding of one or two antibody molecules. The intensities of the HJ complexes were not reduced by a Ϸ75-fold excess of poly(dI-dC)⅐poly(dI-dC) added as a nonspecific competitor.
Nicking of a Synthetic HJ by rA22. The ability of rA22 or the mutated forms to nick a HJ was examined next. Increasing amounts of rA22 or mutated proteins were incubated with the HJ containing a 50-nucleotide 32 P-labeled strand. When analyzed on a denaturing polyacrylamide gel, a major band of approximately 24 nucleotides was detected, indicating endonuclease activity (Fig. 3) . When analyzed on a nondenaturing gel, the HJ product was resolved into a 50-bp nicked duplex (shown later). Neither rA22 D30N nor rA22 E81Q cut the 32 Plabeled strand of the HJ (Fig. 3 ) even though they could bind to the probe (Fig. 2B) . Because all three recombinant proteins were prepared in the same manner and were of similar purity (Fig. 2 A) , we could exclude an activity produced by a contaminating E. coli endonuclease.
Substrate Specificity of rA22. Resolvases of the same class as E. coli RuvC exhibit marked selectivity for synthetic DNA substrates that model four-or three-stranded junctions, whereas bacteriophage T4 endonuclease VII and bacteriophage T7 endonuclease I have broader activities (39) . We therefore prepared several different synthetic probes from 50-mer oligonucleotides: singlestranded DNA, duplex DNA, a Y-junction DNA, a two-stranded branched DNA, a three-stranded junction, and a four-way HJ. The 5Ј-32 P-labeled probes were incubated with rA22 and the products were analyzed by nondenaturing PAGE. rA22 converted the four-stranded HJ into a DNA product that comigrated with a 50-bp duplex and converted the three-stranded junction to products that migrated slower and faster than the duplex (Fig.  4) . In contrast, rA22 did not cleave single-stranded DNA, double-stranded DNA, Y-junctions (Fig. 4) or double-stranded branched forms (data not shown). Neither rA22 D30N nor rA22 E81Q cleaved any of the substrates (data not shown).
To determine the binding specificity of rA22, incubations with the various DNA probes were repeated in the presence of EDTA to prevent cleavage and with or without anti-tetrahistidine monoclonal antibody to induce supershifting. rA22 formed complexes with the three-and four-stranded junctions, as anticipated from the resolution assays, and to a much lesser extent with Y-junctions and duplex molecules (data not shown).
Symmetrical Cleavage of HJs. The pattern of cleavage in each strand of the HJ was examined. Four identical HJs differing only in the strand that was 5Ј-32 P-labeled were incubated with increasing amounts of rA22 and the products were separated in a denaturing gel. In each reaction, full-length and faster migrating strands were detected. There were two predominant nicks in strand 1, one in strand 2, two in strand 3 corresponding to strand 1, and one in strand 4 corresponding to strand 1 (Fig. 5) . In contrast, no nicking was observed when the same substrates were incubated with rA22 D30N or rA22 E81Q (data not shown). Thus, nicks in strands 1 and 3 and in 2 and 4 appeared to be symmetrically related as occurs with other RuvC-related resolvases. The sequence specificity of rA22, however, is likely to be different from that of RuvC, which preferentially nicks strands 1 and 3 of the HJ used here (31) .
Discussion
The present finding of a HJ endonuclease encoded by all sequenced poxviruses culminates a long search for such an enzyme, which could have multiple roles. Branched structures are likely to arise during DNA replication or homologous recombination, and a HJ endonuclease might be required for their resolution before packaging in virus particles. Such a role has been demonstrated for bacteriophage T4 endonuclease VII (40) . A HJ resolvase has been postulated to play a role in converting concatemeric poxviral genomes into unit-length mol- ecules with hairpin termini. In one model, the palindromic concatemer junctions are extruded as cruciforms, which have the same topology as HJs (22, 23) . Resolution would occur by cleavage across the base of the junction and religation. Poxvirus topoisomerases can carry out such reactions, although with low efficiency in vitro (28, 29) . The A22R protein can also resolve cruciform structures (unpublished data of A.D.G and B.M.), and genetic studies are needed to sort out the in vivo roles of the poxvirus topoisomerase and HJ endonuclease.
The finding that the HJ resolvase in poxviruses and iridoviruses belongs to the RuvC family presents an evolutionary puzzle, since these are typical bacterial enzymes. In standard database searches, the poxvirus A22R orthologs show statistically significant similarity to each other (probability of occurrence by chance Ͻ10 Ϫ5 ) but not to any other proteins, which strongly suggests their monophyletic origin. So far, only homologs of eukaryotic genes with various levels of conservation have been detected in poxviruses, leading to the common notion of evolution of these viruses by incremental acquisition of host genes. The only detected eukaryotic representatives of the RuvC family are the mitochondrial resolvases CCE1 from Sac. cerevisiae and its ortholog from Sch. pombe (10, 11, 41) . Poxvirus resolvases could have evolved from a prokaryotic source via a fungal intermediary; this makes an interesting parallel to the apparent common origin of the poxvirus and fungal RNA 5Ј-triphosphatases (42) and the specific relationships that are observed between poxvirus nucleoside triphosphate phosphohydrolase I and capping enzyme and the corresponding enzymes encoded in linear plasmids from yeast mitochondria (refs. 43 and 44 ; unpublished data of L.A. and E.V.K.).
